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PREFACE
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supervision of Dr. Dortch, Chief, WQMG, and under the general supervision of
Mr. Donald L. Robey, Chief, ERSD, and Dr. John Harrison, Director, EL. The
report was reviewed by Mr. Tom Cole of WQMG; Drs. Robert Kennedy and
James Brannon of the Aquatic Processes and Effects Group, ERSD; and
Dr. Joe Nix, Department of Chemistry, Ouachita Baptist University, Arka-
delphia, AR.

At the time of publication of this report, Director of WES was
Dr. Robert W. Whalin. Commander ar.d Deputy Director was COL Leonard G.
Hassell, EN.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

Multiply — By
cubic feet 0.02831685
feet 0.3048
miles (US statute) 1.609347

To Obtain
cubic meters
meters

kilometers




P CTING WAT U. OF
SERVOIR TAILW

PART I: INTRODUCTION

Background

1. Thermal stratification in reservoirs is often accompanied by deple-
tion of dissolved oxygen (DO) in the bottom waters (hypolimnion). Oxygen
depletion and the establishment of reducing conditions in the hypolimnion
increase mobilization from the sediments of dissolved nutrients (i.e., ammo-
nium and inorganic phosphorus), sulfide, reduced metals (e.g., iron and manga-
nese), and organic substances (i.e., simple organic acids and methane). These
substances can accumulate in the hypolimnion, thus impacting in-pool and
release water quality. Reservoir releases that are low in DO and high in
reduced substances can threaten aquatic life, cause water treatment problems
for downstream water supply, and can be obnoxious to downstream recreational
users.

2. When water is released to the downstream environment, stream reaera- '
tion occurs and reduced substances begin to oxidize (Stumm and Morgan 1981).
Water quality improves as the water moves downstream, eventually recovering to
a more natural stream condition. The recovery distance, which depends on
site-specific physical, chemical, and biological processes, is often on the
order of tens of miles (Nix et al. 1991).

3. A better understanding of the recovery mechanisms and chemical
transformations in tailwaters is needed to be able to address issues concern-
ing reservoir tailwater quality and to better manage tailwater quality prob-
lems. As a result of this need, a research work unit, entitled "Techniques
for Evaluating Water Quality of Reservoir Tailwaters," was initiated in the
Water Quality Research Program. Since surface releases generally contain DO
and are void of troublesome reduced substances, this research focused on

degraded water quality downstream of dams with deep, anoxic releases.

Objectives

4., The objectives of this research were to:

4
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a. Develop an improved understanding of chemical transformations in
reservoir tailwaters.

Provide guidance on sampling and analysis of tailwater quality.

e

Develop an easy-to-use personal computer (PC) model to predict
water quality of reservoir tailwaters given in-pool or release
concentrations.

This report is the second of two reports produced from this research work unit

by Nix et al. (1991). Nix et al. (1991) present field study results for four

and addresses Objectives a and ¢ above. Objective b was addressed in a report

study sites. One of the study sites, Nimrod tailwater, was revisited in 1989
to gain additional information. Those data are presented in Appendix A.
Results from the four field study sites are analvzed herein to obtain an
improved capability for predicting the time-dependent changes in reduced sub-
stances (e.g., reduced iron and manganese) in reservoir tailwaters. A numeri-
cal water quality model for reservoir tailwaters was developed and is present-
ed in Part IV and Appendix B. Appendix C presents the kinetic rate

regressions.

Approach

5. Effective water quality management of reservoir tailwaters requires
assessment of existing conditions and prediction of future conditions result-
ing from structural and/or operational modifications of the dam or tailwater
system. For example, the conversion of a nonhydropower, deep release to a hy-
dropower release can lead to water quality problems. Releases through hydro-
power turbines are not subjected to the usually high degree of reaeration to
which nonhydropower releases are subjected (Bohac, Harshbarger, and Lewis
1983); thus, low DO may persist for a number of miles downstream, which is
detrimental to downstream aquatic habitat.

6. Mathematical water quality modeling is a cost-effective tool for
predicting future conditions resulting from human actions (McCutcheon 1989).
A model can be used to estimate downstream water quality for a proposed
release condition at a dam. However, water quality models are limited in the
context of process descriptions. For example, consider a first-order loss or
decay of a substance (e.g., biochemical oxygen demand). First-order loss or
decay occurs when the time rate of change of a constituent concentration C
is directly proportional to the concentration, which is mathematically stated

as




= -KC (1)

where t 1is time.* Equation 1 has been successfully use? to describe the
kinetics of numerous water quality constituents. The difficulty in applying
Equat%on 1 in practice is estimating or calibrating the reaction coefficient,
K . The modeler usually tries to fit the model to observed concentrations by
varying K during calibration. In reality, K can vary with environmental
conditions, such as temperature, pH, DO, etc. One of the greatest difficul-
ties of water quality modeling is that information on the processes that
affect K 1is limited. Therefore, empirical observations are required to
develop K values for site-specific conditions. Improved understanding of
the physicochemical processes is required for more general application of
water quality models.

7. An improved understanding of water quality processes can be obtained
through carefully designed field study because laboratory studies may fail to
include all environmental factors that affect water quality kinetics. Short-
term intensive field studies were conducted at four reservoir tailwater sites
where physical and water quality conditions were measured to quantify chemical
transformations. The study sites were Little Missouri River, Arkansas, below
Lake Greeson; Fourche La Fave River, Arkansas, below Nimrod Reservoir; Rough
River, Kentucky, below Rough River Reservoir; and Guadalupe River, Texas,
below Canyon Reservoir. Narrows Dam (i.e., Lake Greeson) has hydropower;
Canyon Dam was retrofitted for non-Federal hydropower shortly after this
study. The other sites are nonhydropower. All sites had deep releases char-
acterized by the presence of reduced substances with low DO. The study sites
provided a range of physical and environmental conditions, such as varying
stream slope, substrate, and pH.

8. Samples were collected for water quality analyses at a number of
stations extending over the tailwater reaches. The study reaches extended
from the dam to about 10 to 36 river kilometers downstream, depending on flow
conditions and stream characteristics, both of which impact particle travel

time. Particle travel time is the time required for a parcel of water to move

* For convenience, symbols and abbreviations are listed in the Notation
(Appendix D).




from the release point to a given cistance downstream. The study reaches were
generally limited to a travel time of about 2 days, because most of the chemi-
cal reactions occurred within this time period.

9. The release flow rate from the dam was held constant during each
field study to provide steady flow and nearly steady-state conditions (with
the exception of diel effects). This approach greatly simplifies interpreta-
tion of results. Lagrangian sampling, which tracks a water parcel as it moves
downstream, and snapshot sampling, in which samples are collected at all
stations at or near the same point in time, yielded similar results for steady
flows (Nix et al. 1991), which means the systems were approximately at steady
state. Dye studies were conducted to determine the travel time to each sta-
tion. With concentrations measured at the stations and with known travel time
to the stations, it is possible to evaluate the reaction kinetics of Equation
1 for various processes, such as the loss of reduced manganese. Part II of
this report describes tailwater quality processes based upon literature
review. Part III presents the analyses of the field studies for use in model
development, and Part IV presents the numerical model and its application to

the field study sites.




PART II: DESCRIPTIONS OF TAILWATER QUALITY PROCESSES

Model Basis

10. It is useful to first present the fundamental model that will be
used to model water quality of reservoir tailwaters. The mathematical model

is based on the one-dimensional (1-D) mass conservation equation for streams
ac ac| _ 8%C) 4 (2)
¥ 13 +U {32] D [5;2] +s

where
U = stream mean velocity

distance downstream

longitudinal dispersion

S = rate of change in concentration resulting from transformation or
chemical reactions

Equation 2 assumes completely mixed conditions over the depth and width of the
stream. The dispersion term, which is the first term on the right side of
Equation 2, is usually much less than advection (second term on the left side
of Equation 2) for streamflow (Fischer et al. 1979). Neglecting dispersion,
assuming steady-state conditions, and changing from an Eulerian to a
Lagrangian reference frame, where U = dx/dt 1is the velocity of a parcel of

water, Equation 2 can be simplified to

dc _ 3
T +s (3

If S in Equation 3 is a first-order loss rate (i.e., -KC), Equation 3 is
identical to Equation 1.

11. The Eulerian viewer observes concentrations at multiple stream
stations as the water flows by; the Lagrangian viewer follows a parcel of
water as it flows downstream and observes its concentration. The analyses in
the following sections use the Lagrangian view because it conveniently relates
results from all field study sites to a common variable, travel time of a

parcel of water. However, the numerical model discussed in Part IV uses the
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Eulerian view, but assumes steady flow and steady-state conditions. There-

fore, the two views are still equivalent.

Manganese

12. Anoxic conditicns in the hypolimnion of deep reservoirs induce the
formation of dissolved, reduced manganese, Mn'? or Mn(II). Reduced manganese
can accumulate in the reservoir, affecting in-pool as well as release water
quality. Mn'2 accumulates in the water column from sediment release and
reduction orf Mn(IV) in the water column under anoxic conditions, and Mn*? is
mostly in the dissolved state with particulate Mn*? being negligible (Wilson
1980).

13. Little work has been conducted to evaluate the fate of reduced
substances afier they are released to the tailwater system (Gordon 1983). The
oxidation of reduced manganese in the tailwater can be influenced by many
environmental factors such as temperature, pH, presence of DO, electron
acceptors, degree of mixing, etc. (Gordon 1989). In an effort to observe the
fate of reduced manganese spatially in the Duck River, Gordon conducted a
field study below Normandy Dam, near Tullzhoma, TN (Gordon 1989). Gordon
found from the Duck River field data that the manganese removal rate was
first-order with time of travel, and the reaction rate was much faster than
that typically found in laboratory studies. He also found that the removal
rate was a function of river discharge.

14. The removal of reduced Mn'?> from reservoir tailwaters can involve
physical processes (i.e., adsorption) as well as oxidation. Nix (1986),
Gordon (1989), and Gordon and Burr (1989) have found that a primary removal
process of Mn*'2 can involve adsorption of Mn*? ontc an oxide-coated substrate.
Stumm and Morgan (1981) suggest that once the Mn*2 is adsorbed onto the sub-
strate, oxidation on the manganese oxide surface is a slow process. Hsiung
(1987) reported that reduced manganese is removed primarily by oxidation for
pH above 9.0 and by surface catalysis at lower pH. Wilson (1980) also sug-
gests that the removal of Mn'? during the turnover of lakes is probably
through adsorption onto particulate matter and co-precipitation followed by
slow oxidation.

15. Work by Nix (1986) showed that gravel coated with hydrous manganese
oxides from the tailwater of Narrows Dam (Lake Greeson) effectively removed

reduced manganese in the laboratory, whereas removal without the gravel was
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slow. Data from the study sites report by Nix et al. (1991) indicate that
total and dissolved manganese both consistently decrease in the downstream
direction, suggesting an adsorption removal mechanism. If only water column
oxidation was occurring without adsorption onto the bottom, one would think
that the stream turbulence would be sufficient to keep particulate (i.e.,
oxidized) manganese suspended, thus holding the total manganese concentrations
relatively constant rather than decreasing as observed.

16. Gordon (1989) found through laboratory experiments that reduced
manganese removal was associated with a "slime” found on rock surfaces in the
Duck River below Normandy Dam. Gordon and Burr (1989) were able to effec-
tively remove reduced manganese using columns packed with glass marbles accli-
mated with the slimy black coating characteristic of the Duck River stones.
The results of these studies all indicate the need to consider the substrate
as a primary removal mechanism of Mn'? in the tailwater.

17. During some earlier work, Dortch and Hamlin (1988) hypothesized
that flow rate impacted the manganese removal rate in the Lake Greeson tail-
water. The reasoning behind this hypothesis was that if adsorption onto the
substrate is a primary removal mechanism, then altering the streamflow rate
changes the ratio of bottom contact area to cross-sectional flow area, which
is equivalent to altering the hydraulic depth. Thus, higher flow rates, with
greater depths, should be less effective in removing dissolved manganese; this
was found to be true for the Greeson tailwater.

18. Hess, Byung, and Roberts (1989) developed a manganese model using
the Duck River data and subsequently applied the model to the Chattahoochee
River below Buford Dam, Georgia. This model contained two removal mechanisms,
homogeneous and heterogeneous oxidation. Homogeneous oxidation is direct
oxidation of Mn*? in the water, and heterogeneous removal involves catalytic
activity (i.e., sorption and oxidation) with available surfaces (i.e., hydrous
manganese oxides and suspended particulates). The Hess model for manganese

reaction is based on the work of Morgan (1967), which states

ﬂﬂ_j‘gm = - (ko [OH"12[DO] + k[OH"]2[DO] [Mn(IV)] } [Mn(II)] (4)
10




where

[Mn(II)] = dissolved (reduced) manganese concentration, moles/%
ko = homogeneous reaction rate, day™! (moles/£)”3
[OH"} = hydroxide ion concentration, moles/%
[DO] = dissolved oxygen concentration, moles/Z
k = heterogeneous reaction rate, day ! (moles/£)™*
[Mn(IV)] = particulate (oxidized) manganese concentration, moles/Z

Morgan (1967) found that the rate constants are temperature dependent. Hess,
Byung, and Roberts (1989) reported that pH has a much greater effect on the
manganese oxidation rate than dissolved oxygen concentration.

19. The major limitation of the Hess model is that it does not include
sorption of manganese onto the channel bottom (substrate). The ideas devel-
oped in Equation 4 provide a good starting point for analyzing the data
obtained within the present study, provided that the effects of substrate

adsorption are included.

Iron

20. The rate of oxidation of reduced iron (i.e., ferrous iron, Fe'',
Fe(II)) is first-order with respect to concentrations of Fe(II) and O, and
inverse second-order with respect to the H' concentration (i.e., [H*] in
moles/# where [H*] = 10P) in solutions of pH > 5 (Stumm and Morgan 1981).

This rate law is expressed as

d[Fe(II)] _ _ [Fe(II)][DO]
T—- kFC [HQ]Z (5)

where [Fe(II)] 1is the concentration in moles/f of ferrous iron and
kpe = 3.0 x 107!2 moles/# min! at 20 °C. Equation 5 is in the form of

Equation 1 with the overall reaction rate for ferrous iron described as

DO
Kl-‘o = kPo ﬁ (6)

11




The reaction rate increases with temperature; using an activation energy of
23.0 kcal/mole in the Arrhenius equation (Stumm and Morgan 198l), the tempera-

ture dependence can be described with

Ky = Ky (1.14)(T-20) (N

where
Ky = reaction rate at temperature T, °C

K0 = reaction rate at 20 °C
Sung and Morgan (1980) concluded that temperature dependence is primarily a
result of the change in the H' concentration due to the temperature dependence
of the ionization constant of water.

21. Sung and Morgan (1980) also reported that the rate constant (i.e.,
kpe Of Equation 5) is inversely proportional to ionic strength and individual
anions (e.g., Cl1° and S0,2). For example, in the pH range of 6.5 to 7.2, sul-
fate ions have a significant retarding influence on the oxygenation rate. For
pH of about 7 or greater, data indicate an autocatalytic rate expression, )
i.e., homogeneous and heterogeneous oxidations with the latter involving
adsorption of ferrous iron by ferric hydroxide (Sung and Morgan 1980).
Sarikaya (1990) proposed recycling of ferric sludge at treatment plants to
provide effective catalytic removal of ferrous iron, thus reducing volumes
required for aeration tanks.

22. As reducing conditions progress in anoxic reservoir bottom sedi-
ments, sulfate reduction follows iron reduction, and iron sulfide forms (Stumm
and Morgan 1981, Wetzel 1975). Although iron sulfide is insoluble at the pH
conditions typically found in reservoir waters, iron sulfide may be temporari-
ly suspended in the water column and released to the tailwater.

23. The presence of iron sulfide in the tailwater can complicate the
understanding of ferrous iron and sulfide reactions. Generally, not enough
H;S is available for pyrite (FeS,;) formation; thus, iron sulfide should exist
as FeS in fresh water (Berner 1980). The oxidation of FeS is rapid. Connell
(1966) showed that 120 ppm total sulfides in a soil was reduced to 5 ppm after
2 hr of exposure to air; this translates into an oxidation rate of about 38.0
day™t.

24. The reactions for FeS; should be somewhat similar to those that

occur in streams subjected to acid mine drainage as explained by Stumm and
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Morgan (1981). The sulfide of FeS, is oxidized to sulfate-releasing dissolved
ferrous iron and acidity (i.e., H*). Subsequently, ferrous iron is oxidized
to ferric iron, which hydrolyzes to form insoluble ferric hydroxide, releasing
more acidity. Ferric iron can be rapidly reduced by FeS; to oxidize sulfide,
releasing more dissolved ferrous iron and acidity.

25. Because iron sulfide reactions in acid mine drainage usually occur
with very low pH, one would expect the oxidation of ferrous iron to ferric
iron to be slow. In fact, the rate of oxidation of ferrous iron for low pH
(i.e., pH below 4 to 5) is controlled primarily by the action of autotrophic
iron-oxidizing bacteria rather than chemical oxidation (Stumm and Morgan 1981;
Noike, Kanji, and Jun’Ichiro 1983). However, Noike, Kanji, and Jun’'Ichiro
(1983) found ferrous iron oxidation rates between 25.9 and 49.0 day™? in a
low-pH stream (pH 1.5 to 2.9) receiving acid mine drainage. These rates are
comparable to those that occur at the higher pH values found in natural
waters. The oxidation of sulfide by oxygen or hydroxides also occurs rapidly.
Stumm and Morgan (1981) report half-times on the order of 20 to 1,000 min for
oxidation of iron sulfide by ferric hydroxide; this corresponds to reaction

rates of 50 day™! to 1 day™.

Sulfide

26. Dissolved sulfide, S[-II], can exist as hydrogen sulfide (H,S),
bisulfide ion (HS™’, and S°2. Negligible amounts (less than 0.5 percent) of
dissolved sulfide exist as $2 for the pH range omeost streams and lakes; the
distribution between HS- and H,S varies with pH, with high pH favoring HS™ and
low pH favoring H,S (American Public Health Association et al. 1981). At a pH
of 7.0, sulfide exists as about half hydrogen sulfide and half bisulfide ion.
Hydrogen sulfide can be removed from the water through volatilization and
oxidation, although oxidation of H,S occurs very slowly compared with oxida-
tion of HS® (Millero 1986). HS™ is removed primarily by oxidation.

27. The general consensus from the literature is that oxidation
kinetics of sulfide in natural waters is very complex and poorly understood
(Chen and Morris 1972a, Stumm and Morgan 1981, Millero 1986). Based upon the
review by Millero (1986), the oxidation of sulfide can be described as first-
order with respect to HS™ with a rate that increases with increasing tempera-
ture, pH, and concentrations of DO, metal jions, and initial sulfide. There is

also general agreement that sulfur bacteria play an important role in sulfide
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oxidation in natural and waste waters. These influencing factors help to
explain why the first-order sulfide oxidation rates reported vary between
0.26 and about 55.0 day'l, which correspond to half-lives between 65.0 and
0.3 hr (Millero 1986).

28. The oxidation rate of sulfide is strongly dependent on pH. For an
increase in pH from about 6.0 to 8.0, there is an eightfold increase in the
rate (Chen and Morris 1972b). Millero (1986) attributes this to the shift in
sulfide concentration from predominantly nonreactive H,S to predominantly
reactive HS™ with increasing pH. This reasoning suggests that HS™ concentra-
tion, based on pH, should be used in the kinetic equation.

29. Almgren and Hagstrom (1974) found a second-order rate dependence
with the oxidation dependent on [S(-II)] and {0;]. However, Wilmot et al.
(1988) reported that the order of reaction with respect to [0;] was only 0.2
rather than 1.0; they preferred to use the Michaelis-Menton law to describe
the influence of DO, which is stated as

as _ _ DO
® RS ™ (8)

where
S = sulfide concentration in the form of HS", mg/%
k, = sulfide oxidation rate, day™!
DO = dissolved oxygen concentration, mg/2

DO;,, = dissolved oxygen half-saturation constant, mg/2
A value of 3.0 was recommended by Wilmot et al. (1988) for DO;;; . O'Brien
and Birkner (1977) reported that the order of reaction with respect to [0,]
was about 0.8. Chen and Morris (1972a) also found that the variation of rate
with DO was less than first-order (e.g., order of about 0.5). These discrep-
ancies are probably related to the different experimental conditions and
methods used (Millero 1986). In the absence of better information, Equation 8
is appealing from a modeling standpoint.

30. 1Ions present in natural waters can enhance sulfide oxidation rates.
Almgren and Hagstrom (1974) found fairly high rates of sulfide oxidation for
seawater (k, on the order of 25.0 day™!). O'’Brien and Birkner (1977) reported
that sulfide oxidation increases with increasing ionic strength. Paschke,

Hwang, and Johmson (1977) found that the use of manganese salts as catalysts
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and adjusting the pH to 8.5 were effective in removing approximately

90 percent of the sulfide within 1 to 2 hr for wastewater from a cellulose
sponge-making operation. This result translates into sulfide oxidation rates
between about 27 and 55 day™!. Chen and Morris (1972a) also found strong cat-
alytic effects of metal ions, e.g., orders of magnitude reduction in oxidation
rates.

31. Sulfide-oxidizing bacteria are also considered to increase the
oxidation rate (Chen and Morris 1972a, Wilmot et al. 1988). Wilmot et al.
(1988) reported oxidation rates between about 14 and 130 day™! for wastewaters
with as much as half of the oxidation attributed to bacteria. Wilmot et al.
(1988) also determined that larger initial sulfide concentrations resulted in
greater oxidation rates.

32. The sulfide oxidation rate approximately doubles for a 15.0 °C tem-
perature increase (Wilmot et al. 1988). This dependency on temperature can be

represented as
(), = (k),, (1.05)¢T-20 9

where (k')zo is the oxidation rate at 20 °C.

33. Hydrogen sulfide (H,S) is a highly volatile dissolved gas that oxi-
dizes very slowly (Chen and Morris 1972a, 1972b). Therefore, the major loss
mechanism is through volatilization from the water. Methods described by
Lyman et al. (1982) were used for determining volatilization rates of H,S.
Henry'’s constant at 25 °C for H,S is 1.01 x 10°2 atm m®/mol. Therefore, the
transfer is liquid phase controlled, and volatilization can be computed with a
first-order rate constant from information on the dissolved oxygen reaeration

rate in streams,

] Mo
K. = K2 .D_. = KZ F (10)

where
K, = volatilization rate of H,S, day!
K; = DO stream reaeration rate, day’}!

D* = molecular diffusivity of H,S, cm?/sec
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D° = molecular diffusivity of DO, cm?/sec

M° = molecular weight of DO, g/mole

M* = molecular weight of H,S, g/mole
Since the molecular weights of hydrogen sulfide and DO are about equal, K,
is approximately equal to K, . With little or no H,;S in the atmosphere, the
volatilization (mg/f/day) is computed as

J = -K,C, (11

where C, 1is the concentration of H;S in the stream. The stream reaeration
rate can be estimated from a variety of mathematical formulations as noted in

Appendix B.
ot Watex ality Constituents

34. Other water quality constituents that are of primary interest in
reservoir tailwaters are temperature, dissolved oxygen, and nutrients. Heat
exchange mechanisms are relatively well understood, and the capability to
accurately model steam temperature is well established (Dortch and Martin
1989). Therefore, there was no emphasis in this research on predicting steam
temperature. Dissolved oxygen is required for aquatic life; thus, it is of
prime importance in reservoir tailwaters, and the sources and sinks of oxygen
must be considered. The nutrients nitrogen and phosphorus can exist in vari-
ous forms: organic, inorganic, particulate, and dissolved. The only nutrient
form that presents an immediate potential problem f  tailwaters dominated by
anoxic hypolimnetic releases is ammonia. Ammonia .s mportant because oxygen
is used during nitrification to nitrate. The photosyathesis, respiration, and
nutrient uptake of phytoplankton and macrophytes were not considered in this
work because of the relatively minor influence on tailwater quality processes
at the sites studied (Nix et al. 1991).

35. Oxidation of reduced substances in the tailwater is a major sink,
or loss mechanism, of oxygen (Nix et al. 1991). The primary source of oxygen
is stream reaeration. The reactions and their products must be known in order
to determine how much oxygen is taken up during oxidation. Once this is

known, the stoichiometry for the amount of DO taken up per unit of substance
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oxidized can be specified within the model. Each of the reduced substances
discussed above, plus ammonia, is considered below.

36. The oxidation of Mn(II) may be represented (Benefield, Judkins, and
Weand 1982) by

2Mn*? + 0, + 2H,0 => 2MnO, + 4H" (12)

This reaction requires 0.29 mg/f of DO to oxidize 1.0 mg/f of Mn. However,
Stumm and Morgan (1981) point out that experimental findings indicate the
extent of Mn(II) removal is not accounted for by the stoichiometry of the
oxidation reaction alone, and the products of oxygenation are nonstoichio-
metric, showing various degrees of oxidation ranging from about 30 to 90 per-
cent oxidation to MnO;. Thirty percent oxidation requires about 0.10 mg/£ of
DO per 1.0 mg/f Mn. A DO uptake stoichiometry of 0.29 mg/f per mg/£ of Mn
removed can be used as a worst case for modeling.

37. The oxidation of Fe(II) may be represented (Stumm and Morgan 1981;
Benefield, Judkins, and Weand 1982) by

4Fe*? + 0, + 10H,0 => 4Fe (OH), + 8H* (13)

This reaction requires 0.14 mg/£ of DO to oxidize 1.0 mg/£ of Fe(II). Based
on stoichiometry, the total oxidation of FeS to ferric iron and sulfate
requires about 0.73 mg/2 of DO per 1.0 mg/f of FeS, and FeS, requires about
1.0 mg/2 of DO per 1.0 mg/2 of FeS,.

38. Oxidation of sulfide can produce sulfur (S), thiosulfate (S,0;72),
sulfite (S0;72), or sulfate (S0,"%2) according to the following reactions (Chen
and Morris 1972b):

HS~ + 1/20, + H* => H,0 + S (14)

2HS™ + 20, + => H,0 + 8,0, (15)
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HS" + 3/20, => 80;2 + H' (16)

HS™ + 20, => SO,% + H* (17)

The above reactions (i.e., Equations 14-17) require 0.5, 1.0, 1.5, and
2.0 mg/2 DO per 1.0 mg/2 S°2, or 0.48, 0:97, 1.45, and 1.94 mg/2 DO per
1.0 mg/f HS™, respectively. Equation 16 is an intermediate step for sulfate
p